The presence of multiple or diffuse lesions on imaging is a contraindication to surgery for patients with intractable epilepsy. Theoretically, as a functional imaging technique, electrical impedance tomography (EIT) can accurately image epileptic foci. However, most current studies are limited to examining epileptic spikes and few studies use EIT for real-time imaging of seizure activity. Moreover, little is known about changes in electrical impedance during seizures. In this study, we used EIT to monitor seizure progression in real time and analyzed changes in electrical impedance during seizures. EIT and electroencephalography data were recorded simultaneously in rats. Sixty-three seizures were recorded from the cortices of eight rats. During 54 seizures, the average impedance decreased by between 4.86 and 9.17% compared with the baseline. Compared with the control group, the average impedance of the experimental group decreased significantly (P = 0.004). Our results indicate that EIT can be used to detect and image electrical impedance reduction within lesions during epileptic seizures. NeuroReport 28:689-693
Introduction
The presence of multiple or diffuse lesions on imaging is a contraindication to surgery for intractable epilepsy [1] . Several imaging modalities, such as computed tomography (CT), MRI, and PET, can be used to identify epileptogenic lesions. However, these techniques have certain limitations. CT has significantly lower sensitivity in detecting typical brain pathologies. CT and MRI can locate structurally abnormal, but not functional lesions. PET requires the use of scanners, which is impractical for continuous monitoring. Single-photon emission computed tomography (SPECT) is used widely to measure regional cerebral blood flow (rCBF) and is an accepted adjunctive technique in the presurgical evaluation of patients with refractory focal seizures [2] . However, with SPECT, radioisotopes are administered by injection following seizure onset, reflecting a delayed increase in rCBF associated with seizures [3] . Clearly, a better imaging technique is needed for presurgery screening of intractable epilepsy.
Electrical impedance tomography (EIT) is a functional imaging technique that can generate cross-sectional images of electrical properties within the body associated with functional changes in tissues or organs. EIT is a safe, noninvasive, radiation-free, and portable medical imaging technique that provides continuous bedside monitoring of various physiological and pathological processes [4, 5] .
Until 1994, EIT had not been used to image local variations in brain impedance [6] . Since then, it has been used to image functional changes associated with seizures [7] [8] [9] [10] . However, most current studies are limited to examining epileptic spikes and few studies use EIT for real-time imaging of seizures activity. Moreover, we do not know much about changes in electrical impedance during seizures.
In this study, we measured impedance changes related to epileptic activity from electrodes applied to the rat cortex. For 24 h, we simultaneously recorded EIT and electroencephalography (EEG) data using two sets of electrodes to collect data during unpredictable, spontaneous epileptic seizures. To minimize the impact of other factors (e.g. skull and scalp) on data quality, electrodes were directly placed on the cortex.
Methods

Animals
Twenty adult male Sprague-Dawley rats weighing 280-320 g were divided into experimental (n = 10) and control (n = 10) groups. The rats were housed in an approved animal care facility. All experimental procedures
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involving the animals were approved by the Ethics Committee of the Fourth Military Medical University, Xi'an, People's Republic of China, and are in accordance with NIH guidelines on the care and use of animals.
Surgical procedure
We anesthetized the rats with 1% pentobarbital-sodium (60 mg/kg) administered intraperitoneally. Following anesthesia, we periodically assessed consciousness by reaction to a toe pinch stimulus. We attached the rats to a stereotaxic animal frame and made a midline incision along the scalp to expose the skull. We placed eight sterilized screw electrodes (diameter: 0.3 mm) on each rat's head and spaced them equally in a ring arrangement EIT recording. As rat heads are small, only three electrodes were used to record the EEG data. We placed two electrodes over the frontal cortex 2 mm lateral to the midline (Fp1) and 2 mm anterior to the bregma (Fp2). We placed the reference electrode (A1) epidurally 7 mm anterior to the bregma at the midline ( Fig. 1 ). Inside the electrode ring, we drilled a hole into the skull at a halfradius distance from an electrode and injected penicillin (3 μl, 4 IU/ml) with a microinjection syringe 2.3 mm below the skull at a rate of 1 μl/min. The needle remained in place for 5 min after administration. The electrodes were fixed in place with dental resin. We used the EEG acquisition system to continuously monitor each animal for 1 h and confirm that the epilepsy model had been established successfully. Rats in the control group were subjected to the same treatment as those in the experimental group; however, a saline solution was administered to these animals.
Electrical impedance tomography system protocol and raw data selection A software filter based on an fMRI artifact subtraction method was applied to the EEG signal to eliminate any residual noise artifacts [9] . The eight-electrode EIT system (FMEIT-5-8) was specifically designed by our group to provide images during seizures in rats. To obtain good sensitivity and signal-to-noise ratio, we used an opposite-drive, adjacent-measurement protocol [11] for data acquisition with a sinusoidal current (50 kHz, 0.5 mA). We reconstructed EIT images using the damped least-squares algorithm [12] . During EIT monitoring, images were acquired at 1 fps.
Data analysis
We only analyzed electrical impedance changes during seizures that lasted longer than 15 s and had long interictal durations before and after seizure activity. We established the test baseline (i.e. interictal period) as any impedance less than 2% of the mean value of the experimental baseline (i.e. all baseline values, except epileptic seizures). Within a region of interest of the EIT images, the average resistivity values (ARV) were calculated to quantify resistivity changes caused by seizures as follows:
where, x k is the resistivity reconstructed for the kth element, A k is the area of the kth element, and N is the total number of seizure elements. A seizure element was identified using the reconstructed resistivity values and calculated according to the following relationship:
where, x peak is the peak value of all of the elements and t is the threshold parameter.
Results
We excluded two rats from the experimental group because of the absence of EEG brain waves associated with seizure attacks or electrodes falling off. Throughout the experiment, we observed a gradual decrease in impedance in all rats. We analyzed 63 seizures in eight rats. Impedance decreased within the epileptic focus in 54 (85.71%) seizures and increased in two seizures. In seven seizures, there was no obvious change in impedance. On average, impedance decreased between 4.86 and 9.17% compared with the baseline (Table 1 ).
The ictal process was investigated on the basis of the identification of typical seizure patterns preceding clinically manifest seizures in cortical EEG recordings by visual inspection by experienced epileptologists. EIT and EEG data were simultaneously recorded in each rat.
We can observe the changes in electrical impedance at Electrode positions for electrical impedance tomography (EIT) and electroencephalography (EEG) imaging. EIT and EEG electrodes are in the dashed box and the nondashed box, respectively.
the same time after determining the ictal period of seizures. Figure 2a shows the ARV before, during, and after seizure activity. ARV remained at baseline until seizure onset, began to decline as the seizure started, and reached its peak at the end of the seizure. Following seizure activity, ARV rapidly increased to a level slightly higher than that preceding the seizure. In Fig. 2a , EIT images (21-57 s) and the simultaneously recorded EEG segment during a seizure are also presented. With the onset of seizure activity, the electrical impedance at the epileptic foci gradually decreases and reaches its minimum at the end of the seizure.
In the control group, electrical impedance decreased slightly with a saline solution injection. The maximum amplitude fluctuation was under 1.00% for the control group. Following injection, there was no obvious change in electrical impedance (Fig. 2b) .
The average impedance decrease of the two groups was compared using one-way analysis of variance. There was a significant difference between the experimental and control groups (F = 16.41, P = 0.004). In experimental rats, impedance decreased gradually during a seizure and reached a minimum at the end of the seizure (Fig. 3) . Following seizure activity, the impedance returned to the interictal baseline or increased to a level above the baseline.
Discussion
In the present study, we investigated impedance changes during seizures in rats to determine the sensitivity of EIT when used concurrently with EEG, but recording from separate electrodes. We injected rats with penicillin to stimulate seizures. Penicillin-induced epilepsy is a wellknown experimental epilepsy model [13] . We observed generalized tonic-clonic seizures within 20-30 min following penicillin injection. We also noted characteristic epileptic EEG waves, which confirmed that the epilepsy model had been established successfully. The presence of EEG spikes also ensured that the impedance changes detected by EIT were caused by seizures.
To eliminate distortion of the EEG recording because of simultaneous EIT recording, we interposed a low-pass filter before the EEG amplifiers and a high-pass filter after the EIT switches. We also used a software filter developed by Fabrizi et al. [9] , which uses individual sequential EEG channel processing without EIT artifact scaling. Our results show that EIT can be used 
simultaneously with EEG and this technique effectively tracks the propagation of epileptic activity.
In this study, the EIT was used with a measuring current of 5 mA at 50 kHz. According to a previous study [14] , a lower frequency for the measuring current during seizures might be expected to produce larger changes and less error, but the amount of current that may be injected according to safety standards increases up to 50 kHz [7] . Therefore, the optimal frequency for imaging seizures was estimated to be 50 kHz. Moreover, a higher signal-tonoise ratio could be obtained for a seizure measurement at 50 kHz with a current of 5 mA [15] .
We analyzed seizure segments that lasted longer than 15 s, which was a suitable duration for epileptic EEG monitoring. We found that electrical impedance decreased during most seizures (85.71%) and that the changes could be localized to the penicillin injection site. Moreover, during two seizures, the impedance increased in the epileptic focus, whereas there was no change in impedance during seven seizures. There are a few potential factors that may have affected the recorded impedance. During seizures, movement artifacts may have caused apparent resistivity changes because of varied contact between the electrodes and the brain. Moreover, stimulus artifacts within certain recordings may have altered the electrode contact resistivity, potentially causing a small voltage distortion if currentdriving electrodes were not ideal (Ideal conditions for current-driving electrodes are associated with the material comprising the electrode, electrode size and dimensions, skin conditions upon electrode connection, temperature, humidity, and other factors.).
The present report characterizes the slow decrease in cortical impedance that occurs during seizures. We describe the potential causes of impedance reduction during seizures next. It has long been suggested that the electrical impedance of brain tissue may be correlated with seizure states. The hemodynamic patterns of patients suffering from seizures have been well documented. During the ictal state, the epileptic focus is characterized by local increases in rCBF and metabolism [16, 17] . Some studies have shown that during seizures, the relative increase in CBF is greater than that in cerebral metabolism [18, 19] . Increased CBF can adequately meet the increased metabolic demands of epilepsy. Therefore, an increase in CBF at the epileptic focus could elicit a local decrease in electrical impedance.
Ion migration is another mechanism that could induce changes in impedance. However, in this experiment, penicillin was injected into the head to model epilepsy. This approach produces a model that is more representative of traumatic seizures. In model animals, cells within the traumatic epilepsy lesion site were destroyed, which may have reduced cell swelling associated with sodium ion influx. However, the brain vascular system and blood flow were not affected in these animals. The overall impedance measured would be the sum of the opposing impedance changes because of cell swelling and increased CBF [20] . Thus, we infer that impedance changes induced by cell swelling are relatively small compared with those induced by CBF during seizures. Tissue impedance may also depend on the EIT signal frequency. Electrical impedance increases may be less impacted by cell swelling at 50 kHz than at other frequencies. Consequently, electrical impedance would decrease during seizures.
Conclusion
We measured changes in electrical impedance during seizures using EIT and EEG simultaneously. Our results suggest that electrical impedance decreased during the Tomographic images of impedance changes showing the onset and progression of seizure activity in eight rats.
ictal period until the end of the seizure. Following a seizure, impedance increased to interictal period levels or higher. Our results indicate that EIT can be effectively used to track the propagation of epileptic activity.
